U nplanned reoperation after surgery for adult lumbar spine deformity is costly, in terms of both direct costs and health care resource utilization. It was recently estimated that revision fusion surgery in the lumbar spine has an estimated average cost of $28,000. 1 Frequent causes of reoperation in this patient population include wound infection/breakdown, implant failure, pseudarthrosis, and removal of instrumentation because of pain. 21, 25, 29, 30 From a patient's standpoint, the high rates of complications and reoperation associated with lumbar deformity surgery are an important factor to be considered in the initial decision to proceed with surgery.
There has been an increase in the use of lumbopelvic fixation to potentially decrease complications and improve results. It is often used to correct pelvic obliquity, reduce strain on S-1 pedicle screws, provide rigid immobilization for L5-S1, repair pseudarthrosis, reduce highgrade spondylolisthesis, or bolster the caudal end of a construct spanning a lumbosacral defect due to infection or tumors. The recently developed method of pelvic fixation using S-2 alar-iliac (S2AI) screws has several potential advantages over traditional iliac bolts, namely greater cortical purchase and lower profile. S2AI screws can also be aligned with rostral instrumentation without the use of abbreviatioNS BMP = bone morphogenetic protein; ODI = Oswestry Disability Index; S2AI = S-2 alar-iliac screw. Submitted June 2, 2014. accepted October 23, 2014 . iNclude wheN citiNg Published online April 3, 2015; DOI: 10.3171/2014.10.SPINE14541. diScloSure Dr. Brodke reports that he is a consultant for Amedica and DePuy Synthes and has direct stock ownership in Amedica. He reports receiving royalty payments from Amedica, DePuy, and Medtronic. Dr. Dailey reports that he is a consultant for Biomet and an education consultant for AONA.
Unplanned reoperation after lumbopelvic fixation with S-2 alar-iliac screws or iliac bolts
bulky offset connector devices. 23, 28 The purpose of this study was to investigate whether the use of S2AI screws is associated with lower rates of unplanned reoperation in patients undergoing pelvic fixation compared with those receiving iliac bolts. Knowledge of the risk factors and timing of unplanned reoperation will enable surgeons to counsel patients more effectively during preoperative discussions.
methods data collection
The study was approved by the institutional review board prior to data collection. A search of the operative database for the period of December 2009 to March 2012 identified all operations in which pelvic fixation with either iliac bolts or S2AI screws were used. All patients undergoing pelvic fixation during this time period were included in the study cohort, including those undergoing pelvic fixation as the initial operation and those requiring pelvic fixation for a revision operation. To ensure the study groups were consecutive and concurrent, procedures performed prior to December 2009 were excluded. Follow-up data were recorded until the end of November 2013.
The medical records and postoperative images of patients who underwent lumbopelvic fixation were reviewed. Clinical variables and surgical details were recorded, including sex, age, date of surgery, Oswestry Disability Index (ODI) score at baseline and at the most recent clinic visit, number of previous lumbar fusion operations, method of pelvic fixation, S2AI screws or iliac bolts, reason for lumbopelvic fixation, number of levels fused, placement of an L5-S1 interbody graft, use of bone morphogenetic protein (BMP), and whether an osteotomy was performed. The reason for lumbopelvic fixation was categorized as 1) primary surgery for scoliosis or degenerative disease; 2) revision surgery for failed lumbar fusion, symptomatic pseudarthrosis, or iatrogenic flat-back syndrome; or 3) primary surgery for osteolytic pathology, such as an infection or tumor (i.e., chordoma).
Surgical technique
A standard midline posterior incision was made, and the instrumentation was inserted using an open technique. Iliac bolts were inserted in a standard fashion with fluoroscopic guidance. Stereotactic image guidance (O-arm Surgical Imaging System/StealthStation, Medtronic, Inc.) was used for placement of S2AI screws, using a previously described technique. 28 The extent of soft-tissue dissection differed between the methods of pelvic fixation. For placement of iliac bolts, subperiosteal dissection was performed to the posterior superior iliac spines. A high-speed drill was used to make a starting point 1 cm rostral to the inferior end of the posterior superior iliac spine and 1 cm deep to its superficial ridge. A blunt probe was inserted and angled toward the sciatic notch. The hole length was measured, the hole was tapped, and the iliac bolt was inserted under fluoroscopic guidance using the C-arm with tear drop and lateral views. Bolts that are 7.5-9.0 mm in diameter and 80-100 mm in length are typically used. In this location, the polyaxial pelvic screw heads are buried deep to the superficial ridge of the posterior superior iliac spine to decrease hardware prominence at the most bony structure that individuals feel when they sit against a chair. 35 Connector devices are used to link the iliac bolts to rostral instrumentation (Fig.  1A) .
For placement of S2AI screws, the extent of muscle and fascia dissection is less than that required for iliac bolts because of a more medial starting point of the screw. Subperiosteal dissection on the sacrum was limited to the exposure of entry points located 5 mm caudal and 2-3 mm lateral to the S-1 foramen. A high-speed bur drill is used to mark the starting point. Using the O-arm Surgical Imaging System, the screw trajectory is angled toward the greater trochanter, rostral to the sciatic notch. This trajectory enables the screw to cross the cortical surfaces of the sacroiliac joint and engage the dense bone above the sciatic notch. A custom blunt probe traverses the planned trajectory using real-time image guidance. The hole is measured and tapped, and the S2AI screw is inserted. We commonly use S2AI screws that are 8.0-8.5 mm in diameter and 80-100 mm in length. The head of the S2AI screw is aligned with rostral instrumentation without the need for connector devices (Fig. 1B) .
outcomes
The primary outcome of clinical failure was defined as an unplanned reoperation during the study period for instrumentation failure or wound-related complications. Reasons for reoperation included loosening or breakage of instrumentation, symptomatic pseudarthrosis, wound breakdown at the caudal end of the incision over the pelvic instrumentation, or removal of pelvic fixation because of pain due to hardware prominence. We excluded revision operations performed for proximal junctional kyphosis because we considered this a sequela and part of the natural history of long-segment fusions and not a failure of the initial operation. The second portion of a staged procedure, such as posterior lumbopelvic instrumentation and fusion followed by an anterior lumbar interbody fusion, was not considered as a reoperation.
predictor variables
The main predictor variable of interest was method of pelvic fixation: S2AI screws or iliac bolts. In addition, we evaluated potential confounding risk factors for unplanned reoperation. Patient factors included demographics, history of previous lumbar spine operations, and reason for lumbopelvic fixation. Surgical factors included number of levels fused, whether an osteotomy was performed, use of BMP, and placement of an L5-S1 interbody graft.
Statistical analysis
Cohort characteristics at baseline and surgical details were summarized overall and by outcome depending on whether a revision operation was performed. Fisher's exact tests and Student t-tests were used for univariate analyses on categorical and continuous variables, respectively, to identify potential predictors of unplanned reoperation, including the predictor variable of interest, i.e., method of pelvic fixation. Variables that reached significance or near significance on univariate analysis were then included in a multivariate analysis using a stepwise logistic regression model to test for the association between method of pelvic fixation and unplanned reoperation while controlling for possible confounders. Colinearity was tested between continuous variables using Pearson correlation coefficients. Categorical variables included in the model were assessed for interdependence using Fisher's exact tests. Kaplan-Meier survival analysis was performed, with patients stratified according to method of pelvic fixation, using time to reoperation for causal outcome and time to follow-up otherwise. A probability value < 0.05 was considered statistically significant and < 0.10 was considered near-significant. As a test of sensitivity, a log-rank test was also conducted with time to unplanned reoperation as the outcome. Statistical analysis was performed using R software (version 3.0.2, R Foundation for Statistical Computing, http://www.R-project.org).
results patient characteristics and Surgical details
Our study population included 60 patients who underwent pelvic fixation: 37 received iliac bolts and 23 received S2AI screws (Table 1) . Nineteen patients were male (32%). The mean patient age (± SD) was 62 ± 13 years (range 26-78 years). The median baseline ODI was 48 (interquartile range 40-61). Thirty-five patients underwent pelvic fixation as a primary surgery for degenerative disease or scoliosis (58%); 20 as a revision operation, failed lumbar fusion, or flat-back syndrome (33%); and 5 as a primary operation for an osteolytic pathology (8%) involving infection (4 patients) or tumor (1 patient, chordoma).
The mean number of levels fused was 8.1 ± 4.1. Seventeen patients (28%) underwent an osteotomy.
primary analysis

Outcomes
The mean follow-up was 22 months (median 23 months, range 2-41 months). Fifteen patients (25%) required an unplanned reoperation, the primary outcome of interest. Indications for reoperation included instrumentation failure or nonunion between L-1 and L-5 (9 cases), failure or nonunion at L5-S1 (2 cases), removal of pelvic fixation hardware because of its painful prominence (3 cases), wound breakdown over pelvic fixation requiring debridement and wound revision (2 cases), and pelvic screw backout (1 case) ( Table 2) .
For patients undergoing an unplanned reoperation, the mean ODI score was 49.7 ± 18.8 preoperatively and improved to 44.4 ± 18.0 postoperatively. For those not undergoing reoperation, the mean ODI score was 48.9 ± 13.5 preoperatively and improved to 36.6 ± 22.4 postoperatively. The difference in ODI for patients undergoing reoperation compared with those who did not was not statistically significant at either the preoperative or most recent postoperative clinic visit (p = 0.90 and p = 0.28, respectively).
Risk Factors for Unplanned Reoperation
Several potential risk factors for an unplanned reoperation were identified on univariate analysis (Table 3) , including use of iliac bolts (p = 0.031), reason for lumbopelvic fixation other than primary surgery for degenerative disease or scoliosis (p = 0.034), previous lumbar fusion (p = 0.034), not receiving an L5-S1 interbody graft (p = 0.048), number of levels fused (p = 0.068), and undergoing an osteotomy (p = 0.099). These factors were included in a multivariate regression model. After adjusting for the other risk factors, the use of S2AI screws was the only independent predictor for preventing an unplanned reoperation (p = 0.030; OR 8.1 [95% CI 1.5-73.5]) (Table 3) .
Secondary analysis
Survivor Analysis for Time to Reoperation
A Kaplan-Meier survival model was used to evaluate the time to reoperation from the initial placement of lumbopelvic instrumentation. Reoperations for instrumentation revision, instrumentation removal, or wound revision were considered to be failures. For all patients included in this study, the failure-free rate was 96.6% at 6 months, 87.0% at 12 months, 79.6% at 18 months, and 73.5% at 24 months. Survival analysis comparing the time to failure for patients receiving iliac bolts with that for patients receiving S2AI screws suggested a trend toward fewer failures over time with the use of S2AI screws (log-rank, p = 0.10) (Fig. 2) .
Examining Failure at the Lumbosacral Junction
For complications at the lumbosacral junction, there was a trend toward fewer unplanned reoperations in patients with S2AI screws than those with iliac bolts (1 vs 6, respectively; p = 0.23), although our sample size was too small to demonstrate statistical significance. In this subgroup, only 1 patient with S2AI screws underwent reoperation. This patient had undergone T10-ilium posterior fusion after a multilevel vertebrectomy for an invasive chordoma. After receiving 6000 cGy of fractionated radiation therapy, he required reoperation for wound breakdown over the pelvic fixation. Of the 6 patients with iliac unplanned reoperation in patients with S2ai screws or iliac bolts bolts who had complications at the lumbosacral junction, 2 had instrumentation failure, 3 required removal of pelvic fixation because of pain, and 1 had wound breakdown over the iliac bolts. Patients who did not receive an L5-S1 interbody graft were more likely to undergo an unplanned reoperation for any complication at the lumbosacral junction (p = 0.021). None of the other potential risk factors were statistically significant on univariate analysis (data not shown).
Examining Failure Above the Lumbosacral Junction
Eight patients underwent an unplanned reoperation for instrumentation failure above the lumbosacral junction (Table 4) . After univariate analysis, the number of levels fused (p = 0.063), the use of osteotomy (p = 0.005), and the absence of an L5-S1 interbody graft (p = 0.045) were identified as potential risk factors for unplanned reoperation. These variables were included in a multivariate regression analysis, but none of these were independent predictors for unplanned reoperation for failure above the lumbosacral junction (Table 4) . Moreover, the difference in reoperation rates for complications above the lumbosacral junction among patients with S2AI screws and iliac bolts was not statistically significant (13% and 27%, respectively; p = 0.33).
Fractured Instrumentation Not Requiring Reoperation
Five patients with iliac bolts experienced fractured instrumentation but did not undergo reoperation. One patient had a fractured iliac bolt, 2 had rod fractures at the lumbosacral junction, and 2 had rod fractures above the lumbosacral junction. Reoperation was not performed because patients either had a successful arthrodesis or were asymptomatic. No patient had fractured S2AI screws.
discussion
S2AI screws have potential advantages over traditional iliac bolts, namely greater cortical purchase, lower profile, and ease of alignment with rostral instrumentation without the use of offset connector devices. S2AI screws can be placed under conventional fluoroscopic imaging or by using image-guided stereotactic navigation. In 2009, we began to insert S2AI screws in some patients during lumbopelvic fixation in response to failure of traditional iliac fixation. Complications we had observed in patients who received iliac bolts included painful implant prominence, muscle and fascial closures under tension with subsequent need for revision, symptomatic pseudarthrosis, and iliac bolt loosening or breakage prior to lumbosacral arthrodesis. In this retrospective review, we investigated concurrent cohorts of consecutive patients undergoing pelvic fixation to determine whether the use of S2AI screws was protective against complications requiring reoperation. This is the first study to compare unplanned reoperation rates in patients undergoing insertion of S2AI screws versus those receiving iliac bolts. risk Factors for unplanned reoperation After controlling for potential confounders, we found that the use of S2AI screws was the only factor protective against unplanned reoperation in patients undergoing pelvic fixation. Patients with S2AI screws underwent fewer unplanned reoperations for symptomatic instrumentation failure, wound breakdown, and removal of pelvic fixation because of painful prominence than those who received iliac bolts. Factors that did not have an independent association with unplanned reoperation included the number of levels fused, the presence of an osteotomy, reason for pelvic fixation, prior lumbar fusion, and the placement of an L5-S1 interbody graft.
Failure-Free rate
The reoperation rate for adult spinal deformity varies from 6% to 60%, 7, 10, 14, 21, 25, 30 with an increased trend toward reoperation in patients 60 years or older. 9, 12 We report an unplanned reoperation rate of 25% in patients undergoing pelvic fixation (8.6% for S2AI screws vs 35% for iliac bolts). Considering reoperation as a failure in a Kaplan-Meier survival model, we found a failure-free rate of 96.6% at 6 months, 87.0% at 12 months, 79.6% at 18 months, and 73.5% at 24 months, overall for all patients. This is consistent with findings reported in other studies. 21, 30 Most instances of unplanned reoperation in our study, aside from proximal junctional failure, occurred between 6 and 18 months after the initial surgery. After including the component of time in the analysis, the difference in failure between S2AI screws and iliac bolts demonstrated a trend toward a decrease in failure rate with S2AI screws, but the difference was no longer statistically significant (log-rank test, p = 0.11), which may be in part because of the small sample size and the shorter duration of follow-up. Mid-and long-range follow-up of these cohorts may divulge further discrepancy between these techniques due to increasing prominence of painful hardware related to the iliac bolts or issues related to immobilization of the sacroiliac joint with the S2AI screws.
pseudarthrosis
Symptomatic pseudarthrosis with instrumentation failure was the most frequent reason for unplanned reoperation in our cohort, occurring in 66% of patients. Of the 10 cases with symptomatic pseudarthrosis, 8 occurred between L-1 and L-5. Only 2 patients in this study underwent reoperation for symptomatic L5-S1 pseudarthrosis (Cases 1 and 3). This is consistent with results of other studies that have reported a similar trend with modern instrumentation techniques, 10 the use of pelvic fixation to bolster the caudal end of the construct, 34 and the use of BMP. 4 Pedicle screw fixation at the lower instrumented vertebra is more rigid than constructs anchored in the lumbar spine with hooks and wires. 5 Pelvic fixation further increases the construct's biomechanical rigidity at the lumbosacral junction. 11, 19, 20, 33 In patients undergoing lumbopelvic fixation, L5-S1 pseudarthrosis may manifest by rod breakage at this level. 34 Many surgeons consider that the role of pelvic fixation is to protect the S-1 screws. A recent review, however, included failure at the level above the lumbosacral junction (L4-5) as a major complication of pelvic fixation. 8 This phenomenon may occur because of construct failure originating at either the rostral or caudal end. Possible mechanisms of both types of failure are described below.
The use of offset connectors with iliac bolts provides an additional point where loosening of the construct may occur that is not present with S2AI screws, which obviates the use of offset connectors since S2AI screws are aligned with rostral instrumentation. This would decrease the strength of the lumbopelvic fixation construct and may cause loosening of the S-1 screws and, subsequently, pedicle screws at the adjacent segments. In addition, traditional iliac fixation does not cross cortical bone and may loosen overtime. Tsuchiya et al. 34 reported iliac bolt lucency in 29 of 67 patients with a minimum 5-year follow-up. Although the initial pullout strength of S2AI screws is superior to that of iliac bolts, 36 both types of fixation protect the S-1 screw from strain to an equivalent degree. 16 Over time, however, the superior purchase of the S2AI screws may confer long-term protection to the lumbosacral and lumbar fusion beds.
In addition, lumbopelvic fixation constructs may be more rigid at the caudal end, which creates a moment arm that may cause either backout of the rostral instrumentation or fracture of the rods. In this scenario, rostral instrumentation failure may represent the natural history of a long-segment construct with rigid lumbopelvic fixation. This mechanism would explain failure that occurs 2 or more levels above the lumbosacral junction. To prevent rod fracture and pseudarthrosis above the lumbosacral junction, we have adopted the use of the 4-rod technique after an osteotomy is performed (Fig. 3) , although none of the patients included received 4 rods at the time of pelvic fixation. Four-rod constructs are biomechanically stiffer in flexion-extension loading than conventional dual-rod constructs, and the added cross-links further increase the stiffness in torsion. 18 Regardless of the underlying cause of rostral instrumentation failure in patients undergoing lumbopelvic fixation, we observed significantly fewer unplanned reoperations in patients receiving S2AI screws than in those receiving iliac bolts. While it is possible that the association between unplanned reoperation and method of pelvic fixation is due to chance alone, the multivariate models that we used for analysis were robust. After controlling for several potential confounders, the use of S2AI screws was identified as an independent predictor against unplanned reoperation in multiple regression models that included stepwise techniques, such as forward selection, backward elimination, and bidirectional elimination, as well as hand-selected models. These statistical results suggest that an association exists between unplanned reoperation and method of pelvic fixation, even if the underlying biomechanical explanation has not yet been elucidated.
painful hardware prominence
Pain associated with implant prominence is a frequent reason for reoperation in patients who receive instrumented fusions for adult spinal deformities, 5,10 particularly in patients with iliac bolts who require offset connectors to link to rostral instrumentation. 32, 34 In 67 patients who underwent pelvic fixation with iliac bolts, over one-third underwent elective removal of their iliac bolts because of painful prominence. 34 This type of pain commonly occurs in a delayed fashion several months to years after the initial operation. 10 In our study, pelvic implant removal for pain occurred after 12-14 months. Patients reported improvement at the site of painful prominence, although postoperative ODI scores remained stable after hardware removal. Although many surgeons try to recess the head of the iliac bolt deep to the superficial surface of the posterior superior iliac spine, hardware prominence is a frequent complaint, particularly in young and thin patients. 34 Three of the 37 patients (8%) in our study who received iliac bolts underwent removal of the pelvic fixation because of painful hardware prominence, which is consistent with the rates of iliac bolt removal reported in other studies (3%-34%). 8, 15, 17, 24, 34 The rate of patients experiencing pain relief after implant removal varies widely (12%-70%). 2, 3, 10, 13, 31 Removal of instrumentation is not a benign procedure, and previous studies have reported progression of deformity after removal. 4, 13, 22, 26, 27 The heads of S2AI screws, in contrast, are positioned deeper and more medial than those of iliac bolts and have more extensive soft-tissue coverage. The starting point for an S2AI screw is located approximately 5 mm caudal and 2-3 mm lateral to the first sacral foramen, 28 which is ap- proximately 15 mm deeper than the entry point of an iliac bolt on the posterior superior iliac spine. 6 This enables S2AI screws to be lower profile with more muscle and fascial coverage. Because the starting point is more medial on the sacrum, less dissection of paraspinal muscles and the subcutaneous tissues over the iliac spine is required. In addition, the S2AI screw head can be aligned with the S-1 pedicle screw and rostral instrumentation without the use of bulky connector devices, given that the starting point is directly inferior to the superior articular facet of S-1 and in line with the pedicles of the lumbar spine. 6 None of the 23 patients in our cohort who received S2AI screws required removal of the pelvic fixation for pain or screw fracture.
limitations
Limitations of the study include the retrospective design and a relatively short follow-up period. The reasons for lumbopelvic fixation varied between the 2 groups. S2AI screw fixation was used more frequently during revision surgery for failed lumbar fusion, symptomatic pseudarthrosis, or iatrogenic flat-back syndrome and also primary surgery for osteolytic pathology, such as infection and tumor. Iliac bolt fixation was used more frequently as primary surgery for adult scoliosis or degenerative disease. The decision to proceed with reoperation was up to the treating surgeon, which may introduce selection bias. For example, some surgeons may be more aggressive at revising rod fractures in asymptomatic patients, whereas others based their reoperation criteria on the status of the arthrodesis on CT scanning and patient symptomatology. Postoperative imaging protocols also varied in that some surgeons favored the use of routine CT scans at 1-to 2-year follow-up to evaluate the arthrodesis in all patients, whereas others obtained CT scans only if there was suspicion for symptomatic pseudarthrosis. The majority of patients who required reoperation did not undergo CT scanning prior to the revision surgery, so the integrity of pedicle and pelvic screw purchase or the arthrodesis could not be determined reliably. In addition, all S2AI screws were placed using image-guidance stereotaxy, but iliac bolts were placed under fluoroscopic guidance. The use of stereotaxy may enable more accurate screw placement than fluoroscopy, although, to our knowledge, this has not been examined for pelvic fixation. Lastly, our study was not adequately powered or designed to evaluate differences in clinical improvement as assessed using the ODI. The small sample size, heterogeneous group of patients, and short follow-up are potential reasons a significant difference or a minimal clinical important difference was not seen.
Future considerations
In this study, we demonstrated that both S2AI screws and iliac bolts prevent failure at L5-S1 in a patient population that is at high risk for developing L5-S1 pseudarthrosis. Given the low rate of complications at the lumbosacral junction, we postulate that similar outcomes can be achieved with iliac bolts that are positioned more inferiorly on the iliac spine so that the bolt head can be aligned with the S-1 pedicle screw without a connector device. In this scenario, the difference between the S2AI screw and a "low-profile" iliac bolt would be the screw trajectory: an S2AI screw would cross the iliac crest and achieve tricortical bone fixation, but an iliac bolt would be positioned in cancellous bone between the cortical tables of the iliac crest; both screw tips are anchored in the dense bone above the sciatic notch. Either method of pelvic fixation may be adequate for bolstering the caudal end of an instrumented construct, considering a recent biomechanical study that found that the additional cortical purchase with S2AI screws did not improve their biomechanical strength in a nonfatigue model. 23 By obviating the need for offset connectors, this method of "low-profile" iliac bolt placement should also decrease the risk of wound breakdown and hardware prominence.
This retrospective study provides preliminary evidence that the S2AI screw technique may result in fewer revision surgeries than traditional techniques for iliac fixation. To validate any improvement in patient outcome or decrease in revision rates, a prospective study will need to be completed.
avoiding reoperation
Unplanned reoperation represents an additional procedure in patients who may already be at a significant risk for complication. From a patient's standpoint, the risk of reoperation may be an important factor in the initial decision to proceed with surgery. Knowledge of the rate, reason, and time of reoperation will better enable the surgeon to counsel patients during preoperative discussions and may increase awareness of problems that commonly occur postoperatively. From a health care standpoint, reoperations for potentially preventable causes are extremely cost ineffective. New surgical techniques and devices that can decrease unplanned returns to the operating room are valuable.
conclusions
Both S2AI screws and iliac bolts are effective at improving fusion rates at the lumbosacral junction. Based on a multivariate analysis, we found that the use of S2AI screws was independently associated with fewer reoperations for wound-related complications and instrumentation failures. The low profile of S2AI screws and the benefit of obviating the use of offset connectors may offer additional advantages when compared with traditional iliac bolts.
references
